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First-principles calculations of structural, electronic, optical, elastic, mechanical properties, and Born effective charges
of monoclinic HfO; are performed with the plane-wave pseudopotential technique based on the density-functional theory.
The calculated structural properties are consistent with the previous theoretical and experimental results. The electronic
structure reveals that monoclinic HfO, has an indirect band gap. The analyses of density of states and Mulliken charges
show mainly covalent nature in Hf-O bonds. Optical properties, including the dielectric function, refractive index, extinction
coefficient, reflectivity, absorption coefficient, loss function, and optical conductivity each as a function of photon energy
are calculated and show an optical anisotropy. Moreover, the independent elastic constants, bulk modulus, shear modulus,
Young’s modulus, Poisson’s ratio, compressibility, Lamé constant, sound velocity, Debye temperature, and Born effective
charges of monoclinic HfO, are obtained, which may help to understand monoclinic HfO, for future work.
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1. Introduction

Hafnia (HfO,) is a technologically important compound
that has been used as gate dielectrics,!'!
terference filters,°! optical coatings,'” protective layer,!
and superhard and refractory materials!'>!3 due to its high
dielectric constant, large band gap, sufficient band offsets,

ceramics, 8! in-
1]

good thermal and interface stability in contact with Si,
good reliability and compatibility with processing steps,[4-18]
high refractive index,[®!°! high bulk modulus, and melting

12,1920 Under normal pressure, HfO, crystallizes in

19-22

point.[
I'a low temperature monoclinic phase
(C3,, or P2;/c), a tetragonal phase (D)} or P4,/nmc) as the
temperature increases, and finally a cubic phase (Ofl or Fm3m).

three polymorphs:!

Moreover, high-pressure phases, such as orthorhombic (Pbca
or DJ?) and orthorhombic (Pnma or D19),1232%! and other
phases, such as modified fluorite phase (Pa3 or 7,),>") amor-
phous phase,[!32%! have been reported.

As a gate dielectric to replace SiO, in metal-oxide—
semiconductor field-effect transistor (MOSFET), a system-
atic investigation of the physical and chemical properties
of HfO, in thin-film (surface and interface) is greatly de-
sired. HfO; films have been grown by atomic layer deposition
(ALD),[>10:27.281 electron beam evaporation (e-beam), >>%! re-
active vacuum evaporation, [ radio-frequency (rf) magnetron
sputtering,[!-13] remote plasma-assisted chemical vapor de-
position (RPECVD),BOJ etc., and their structural, electrical,
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optical, thermo-mechanical, surface and interfacial proper-
ties have been studied. However, some properties, sur-
face and interfacial properties in particular, are not well un-
derstood by experiments. This problem can be solved by
theoretical calculations based on first-principles; for exam-
ple, cubic HfO, surfaces with VASP code,’!! tetragonal
HfO, (001) surface with CASTEP code,’Z Si(001)/HfO,
interface, >3 HfO,/interlayer and interlayer/Si interfaces, 3%
Hf0,/Si0,/Si interface, 3> and HfO,/GaAs interface!?¢! with
VASP code. Of course, an all-around study of bulk properties
is also important to HfO, dielectric, which has been addressed
experimentally[®-3:14.23:37] and theoretically.[3**! Its dielec-
tric constants have been reported to be 25,41 29 (cubic), 70
(tetragonal), and 16 (monoclinic),*!! 18.02 (monoclinic),*"!
33.12 (cubic).[*?) Recently, the ionic substitutions in HfO»,
which can enhance the permittivity, have been studied. 4346
Although HfO, has been widely investigated in recent
years due to its important industrial and technological appli-
cations, to the best of our knowledge, there have been no sys-
temic studies of the room temperature phase of a monoclinic
structure that exists in a wide range of temperatures where it
has useful applications. As is well known, optical properties
are important because they can be used to determine the opti-
cal band gap and electronic dielectric constants. Elastic prop-
erties can be used to provide information about interatomic
potentials and relate to various fundamental solid state phe-
nomena. Hence, we present first-principles calculations of the
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structural, electronic, optical, elastic, mechanical properties
and Born effective charges of m-HfO,.

2. Computational details

Our calculations were performed by the CASTEP
code.*”l The geometrical structures and physical properties of
m-HfO, were calculated within the custom, norm-conserving,
and ultrasoft pseudopotential methods based on density func-
tional theory (DFT). We employed the generalized gradient
approxiamtion (GGA) with the Perdew—Wang 1991 (PWO1)
functional 8! for the exchange—correlation energy. For the
sampling of Brillouin zone, Monkhorst—Pack scheme k-points
samplings (5x5x35) were used for monoclinic structure opti-
mization. The Hf 5d*6s? and O 2s>2p* electrons were explic-
itly treated as valence electrons and the others were treated as
core electrons. The structural optimization is finished until a
total energy convergence of 5.0x107® eV/atom, a maximum
force of 0.01 eV/A, a maximum stress of 0.02 GPa and a max-
imum displacement of 5.0x 10~* A. During the structure opti-
mizations, this set of parameters could guarantee to achieve a
total energy convergence of 5.0x 1076 eV/atom, a maximum
force of 0.01 eV/A, a maximum stress of 0.02 GPa, and a max-
imum displacement of 5.0x 10~* A. Moreover, in order to ob-
tain an accurate bandgap, a hybrid functional PBEO giving an
improved bandgap was used here. The Born effective charges
were calculated using the density functional perturbation the-
ory (DFPT), which was implemented in CASTEP.

3. Results and discussion
3.1. Structural properties

In m-HfO,, there are two symmetry-inequivalent types
of O atoms, one is threefold (O1) and the other is fourfold
(O2) coordinated, owing to the fact that Hf atoms have lattice
vectors that are not at right angles any more, nor sevenfold
coordinated. We first calculate geometrical structure of m-
HfO, by minimizing the total energy. The optimized equilib-
rium lattice parameters are given in Table 1 with the available
theoreticall!217:2021.24.25.391 and experimental®! data. It can
be seen that the calculated values based on the custom pseu-
dopotential are close to the experimental data. The calculated
values based on the ultrasoft and norm-conserving pseudopo-
tential are larger and smaller than experimental values, respec-
tively. The same set (ultrasoft pseudopotential) with plane-
wave cutoff energy 380 eV has been used to calculate m-HfO,,
and the parameters a = 5.315 A, b=5414 A, ¢ =5.452 A,
and B = 99.615° have been obtained.*”) We here use ultrasoft
pseudopotential with plane-wave cutoff energy 1000 eV, but
the obtained results are very close to the previous results!*"]
and are also larger than experimental data. According to the
best agreement with experimental results, the analyses of elec-
tronic structure and optical properties are based on the custom
pseudopotential calculations.

Table 1. Calculated structural parameters and their comparisons with available theoreticall!?17.2021.24.25.39] and experimental!®! data for monoclinic HfO,. Lattice parameters a, b, ¢ are in A, B is in degree and

V is in A3. Internal coordinates x, v, and z are dimensionless.
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3.2. Electronic properties

Electronic band structure and partial densities of states of
m-HfO, are shown in Fig. 1 to analyze the electronic struc-
ture and chemical bonding. We can see that the maximum
of the valence band and the minimum of conduction band
are at I'(G) and B points, respectively, and the indirect band
gap is 3.296 eV, which is consistent with the previous cal-
culated results 3.7 eV,31 3.25 eV,1%] and 3.5 eV.[?2] How-
ever, these values are all smaller than the experimental data
5.55+0.03,11% 58,1141 5.56-5.77,150) and 5.6:£0.155! due to
the well-known band gap underestimation of DFT calcula-
The bandgap of PBEO functional is 6.126 eV, indi-
cating that PBEO calculations overestimate the bandgap. Ta-

tions.

ble 2 presents the detailed optical transition energies with the
valence-to-conduction band transitions. As we can see in
Fig. 1, the lower valence bands are mainly derived from the O

2s states; the upper valence bands are dominated by hybridiz-

ing O 2p and Hf 5d states, indicating the covalent bonding
characteristic in the compound; the lower conduction bands
are mostly composed of Hf 5d states as well as small O 2p

states, showing the ionic characteristic.
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Fig. 1. (color online) Electronic band structure and partial densities
of states of m-HfO, (The coordinates of the high-symmetry points in
Brillouin zone are Z(0,0,0.5), G(0,0,0), ¥(0,0.5,0), A(—0.5,0.5,0),
B(—0.5,0,0), D(—-0.5,0,0.5), E(—0.5,0.5,0.5), C(0,0.5,0.5).

Table 2. Optical transition energies (in eV) and symmetries of the valence-to-conduction band transitions and their comparisons
with the available calculated results (in eV)!>122 and experimental band gap (in eV) 101450511 of 1y HFO,.

Valence-to-conduction

Optical transition energies

Theoretical values Experimental values

band transition PWO1 PBEO
r—z 3.949 6.825
r—r 3.814 6.595
r—y 4.086 7.037
r—A 4.035 6.784
r—B 3.296 6.126
r—o 3.668 6.465 3.7(GGA), 5.5540.03119
I'—E 3.870 6.677 5.75(sX)B 5.8l14]
r>c 4.086 7.011 3.25l16] 5.56 —5.77150)
Z-7Z 4.441 7.362 35022 5.6+0.1551
Y oY 4.652 7.698
A=A 4719 7.510
B—B 3.395 6.228
D—D 4.149 7.019
E—E 4.668 7.569
c—C 4798 7.825

The Mulliken charges are calculated to understand the na-
ture of chemical bonding. The Mulliken charges are deter-
mined to be +1.36 e for Hf atoms, —0.65¢ and —0.71e for O,
and O, atoms, indicating that the electron transfer from Hf
atoms to O;/O, atoms is 0.65 ¢/0.71 e. Here, we use the ef-
fective valence defined as the difference between the Mulliken
charge and the formal ionic charge on the cation species?! to
analyze the Hf—O bonding. The effective valence of Hf cation
is 4+2.64, which is larger than zero, indicating that there is

mainly covalent bonding in m-HfO,. Figure 2 shows the elec-
tronic charge densities from (a) (200), (b) (400), and (c) (004)
planes of m-HfO,. We can see that charge densities around O
atoms in (200) plane are almost symmetric and the weak co-
valent interactions occur between neighboring O atoms. From
the (400) and (004) planes, the covalent characteristic of Hf-O
bonding is shown. In particular, the anisotropic charge densi-
ties around O atoms in (004) plane, which point to neighboring
Hf atoms, further approve the covalent characteristic.
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Fig. 2. (color online) Electronic charge densities from (a) (200), (b)
(400), and (c) (004) planes of m-HfO,.

3.3. Optical properties

The optical properties are determined from the frequency-
dependent dielectric function €(®) = & (®) + i&(®), which
is mainly contributed from the electronic structure. The imag-
inary part that shows the real transitions between the occupied

and unoccupied wave functions is given as follows: >34
47'5282 . W2
ex0) = (g ) L[ 6013°50
x 8(Ef — Ei — w)d*k, (1)

where M is the dipole matrix, i and j are the initial and final
states, f; is the Fermi distribution function for the i-th state,

and E; is the energy of electron in the i-th state. The real part
€1 () of the dielectric function can be calculated using the

Kramers—Kroning relations: 3334

2 e os(e)do
2, 2(0)

gw)=1 , 2
1( ) +7l' 0 ((0'2—(1)2) )
where P is the principal value of the integral
w-a ¢ (J)/ too o CO/
P =lim de'—i—lim (@) do' ).
a—-0)_ 0 @O —@® a—0Jota O — ®

Other optical properties, such as refractive index n(w),
extinction coefficient k(®), reflectivity R(®), absorption co-
efficient I(w), loss function L(®), and optical conductivity
o(®) can be obtained from &(®) as!>3-4

- 172
o) = | 252+ gl(w)zzm(w)z] BEEY
- 1/2
| VeE(o)?+e(w)? &)
k(w)—_ 5 - : )
e (w) -1 2
R(C())— 81/2(0))—|—1 9 (5)
1/2
10) = Vi) (yfa(or +e@r-aw) . ©
_ L W 1 (2)
L(o) Im(s(w) = o) ™
6(0) = 61(®) + 162 (@) = —i%[e(w) 1. ®

The imaginary and real parts of the complex dielectric
function for m-HfO,, as well as the experimental data, 1551 are
shown in Fig. 3, where we can see that our calculated results
are in good agreement with the experimental data (a scissors
operator is used to deal with the underestimated band gap>®)).
The peaks of &(w) in Fig. 3 arise mainly from the electron
transitions between O 2p and Hf 5d. Moreover, the obvious
optical anisotropy of m-HfO; is found to be due to the mon-
oclinic structure. The calculated electronic parts of the static
dielectric constants are 3.991, 3.931, and 3.638 for &, &y,
and &, respectively.

The calculated values of refractive index, extinction co-
efficient, optical reflectivity, absorption coefficient, energy-
loss function, and complex conductivity function of m-HfO,
are shown in Fig. 4. The calculated values of static re-
fractive index are 1.998, 1.983, and 1.907 for nyy, ny,
and ng, respectively, which are in good agreement with
the experimental data.l®!>3° Qur results for the static di-
electric constant and static refractive index satisfy the re-
lation n(0) =
results are reasonable.

€(0) at low frequency, indicating that our
The reflectivity is lower than 20%
from O to 5.7 eV, indicating that m-HfO, is of transmission
for frequencies in this range. When the electromagnetic

wave passes through a material, the fraction of energy lost
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means the absorption coefficient of the material. The absorp-
tion coefficient starts at 5.7 eV and then increases, which
is consistent with the optical band gap. The peaks of the
energy-loss function are associated with the plasma reso-
nance, and the corresponding frequency is named bulk plasma
frequency @(p), which shows the transition from metallic
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Fig. 3. (color online) Real (upper panel) and imaginary (lower panel)
parts of complex dielectric function for m-HfO, as well as the experi-
mental data. 3!
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Fig. 4. (color online) Plots of refractive index n(®), extinction coeffi-
cient k(®), reflectivity R(®), absorption coefficient /(®), loss function
L(w), and optical conductivity & (®) versus energy of m-HfO,.

behavior [€(w) < 0] to dielectric behavior [g(®w) > 0].
The calculated plasma frequencies are 21.747, 21.987, and
21.713 eV for Ly, Lyy, and L., respectively, which correspond
to the abrupt reduction of reflectivity. The complex conductiv-
ity function is the absorptive 0] (®) and reactive 0,(®) cur-
rent response to a time-varying external electrical field of fre-
quency, and the origins of the peaks in & (®) can explain the
occurrences of the peaks in 0} (®).

3.4. Elastic and mechanical properties

The elastic constants are important to understand the re-
sponse to an applied macroscopic stress, which are defined by

means of a Taylor expansion of the total energy. The energy

of a strained system is expressed as follows: [>7-]

1
U(V.e)=U(Vo,0)+V Zfisiéi“rizcijgi&igjéj C))
; 77

where U (Vp,0) is the energy of the unstrained system with
equilibrium volume Vj, 7; is an element in the stress tensor, and
&; is a factor to take the Voigt index into consideration. The
calculated thirteen independent components of m-HfO, and
the available datal® are shown in Table 3. As is well known,
the conditions of mechanical stability are important to estimate
a stable compound. Hence, the calculated elastic constants of
m-HfO, should satisfy the Born stability criteria:[1-6%]

Ci1 >0, Cpn>0,
Cys >0, Cs55>0,
(C11 +Ca2 +C33+2C12 +2C13 +2C23) > 0,

(C33Cs5 —C35) >0, (CaaCes— Cig) >0,

(Co2+C33 —2C3) >0,

[C22(C33Cs5 — C35) +2C23C25C35 — C33Cs5 — C35Cs3] > 0,
{2[C15C25(C33C12 — C13Ca3) + C15C35(Ca2C13 — C12Ca3)
+C25C35(C11Co3 — C12C13)] — [Cis5(CoaC3 — C33)
+C35(C11C33 — Cly) + 35 (C1i € — €]
+Cs5(C11CC33 — C11C33 — CiaCly

—C33Ch +2C12C13C3) ) > 0. (10)

Cy3 > 07
Co6 > 0,

It can be seen that the elastic constants satisfy the inequalities
in Eq. (10), which shows that m-HfO, is mechanically stable.
Voigt!93! proposed the average of relations expressing the
stress in terms of the given strain. Reuss and Angew!**! pro-
posed the average of relations expressing the strain in terms of
the given stress. Hill[®! proved that the approximations made
by Voigt and Reuss represent the upper and lower bounds of

elastic constants, respectively.
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Table 3. Calculated independent elastic constants (in GPa) and the available theoretical data for m-HfO,.

Elasticity — Cj; Cyn Css Cn2 Ci3

Cyy Css Ceo Cis Cs Css Cys

This work  336.66 428.20
Ref. [60] 340.9 392.8

19525 23456 143.33

123.02
288.2 164.4 107 158.6

120.28 73.81 14556 6441 2347 56.75 -13.13
86.9 93.5 1315 419 -84 04 -9.9

Table 4. Calculated values of bulk modulus B, shear modulus G, Young’s modulus E (in GPa), B/G, Poisson’s ratio, compressibility (in GPa™! ), and

Lamé constants (in GPa).

By Gy (ux) Bx/Gx Ex
X=R X=V X=H X=R X=V X=H X=R X=V X=H X=R X=V X=H
137.74 217.99 177.87 74.06 98.54 86.30 1.860 2212 2.061 188.41 257.03 222.86

251,121 254 (DZ) and 296 (SZ),2Y 192 (GGA) and 186 (LDA),[?*!
215 (LDA) and 152 (GGA),[2] 185 (DAC+ADX) and 168
(GGA),1001 235 166] 233 1 [6] 284 [67] 1451231

98.7,1601 120,661 100—11010] -

200-2501°]

vx Bx (x1073) Ax
X=R X=V X=H X=R X=V X=H X=R X=V X=H
0272 0304 0.291 726 459 5.62 88.37 152.30 120.33
0.25-0.3010 - -

These equations are shown as

1 2
Bvoigt = §(C11 +C22+C33)+§(C12+C13 +C), (11)
1

Gvoigt = E(Cll +Cy»+C33—C1p—Ci3 —C23)

1
+§(C44+C55 +Ce6)» (12)

Breuss = [(S11+ 822 +833) +2(S12+ 813+ 523)] 7', (13)
GRreuss = 15[4(S11+ S22+ S33) —4(S12 + 813+ S23)

+3(Saa+ Ss5+ Se6)] ' (14)
1

BHill = 5( Reuss+BVoigt)7 (15)
1

Guin = E(GReuss""GVoigl)v (16)

where the S;; is the inverse matrix of the elastic constant ma-
trix C;; and the relations between S;; and C;; are shown in
Ref. [57]. The Young’s modulus, Poisson’s ratio, and Lamé
constants can then be computed by the following equations:

9BxGx

= 17
X = Gyt 3By (17)

1|Bx—(2/3)G
VX_[X ekl X}, (18)

2 BX+(1/3)GX
tx = Ex/[2(14vx)], 19)
Ax = VxEx /[(1+vx)(1 —2vx)], (20)

where X is Voigt, or Reuss, or Hill.

The calculated results of mechanical properties

are presented in Table 4,
1112,20,24,25,60,66

along with the available
theoretica I and experimental data.!%?367 The
calculated bulk modulus of m-HfO, is 177.87 GPa, which
is lower than the experimental data 233.1 GPal® and
284 GPa,!%”! and is larger than the value of 145 GPa.l?3! As
is well known, the bulk modulus and shear modulus represent

the resistance to fracture and the resistance to plastic defor-
mation, respectively, and a high (low) ratio of bulk to shear
modulus (B/G) value is associated with ductility (brittleness).
The critical value of the ductilebrittle transition is 1.75.(68]
Our obtained value is 2.061, indicating that m-HfO, exhibits
high shear deformation resistance and behaves in a ductile
manner.

The Debye temperature, which is related to the solid
sound velocity and atomic vibration frequency, can be esti-
mated from the average sound velocity: %!

h(3nNp\ '/

where h is the Planck’s constant, k the Boltzmann’s constant,
n the number of atoms in unit cell, N the Avogadro’s number,
p the density, M the molecular mass, and v, is the average
sound velocity, which is obtained from Ref. [58]

U = [(2/03 +1/03) /3] 713, (22)

where v and vy, are the shear and compressional sound veloc-

ity, respectively, which are defined as follows: >8]

vs =+/Gx/p, (23)

v, = v/(Bx +4Gx/3)/p. (24)

We obtain the Debye temperature 431 K of m-HfO,
shown in Table 5, which is smaller than the value 483 K of
the polycrystal HfO, with SIESTA-GGA calculation.[®”] As is
well known, the Debye temperature is associated with thermal
conductivity according to the rule of thumb. Hence, compared
with polycrystal HfO,, m-HfO, shows a relatively soft lattice
and bad thermal conductivity.
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Table 5. Calculated values of the shear, compressional, average sound
velocity, and Debye temperature.

oX /(m/s) VX H(m/s)
X=R X=V X=H X=R X=V X=H
2728 3146 2944 4874 5924 5425
vX/(ms) O/K
X=R X=V X=H X=R X=V X=H
3037 3516 3285 398 461 431

3.5. Born effective charges

The Born effective charge tensor for the B component has
been obtained as!”"!

where Zz B is the Born effective charge tensor, Aw is the dis-
placement of the i-th atom in the unit cell, AP is the total
difference in polarization, V is the volume of the unit cell, and
a is the direction of the polarization. The calculated Born ef-
fective charges of m-HfO, are shown in Table 6, where we
can see that the Born effective charges are consistent with the
values given in Ref. [21] and show different characteristic due
to the symmetry. As is well known, Born effective charges
show an estimate of the charge transfer linearly caused by a
unit sublattice displacement.!”!! The nominal ionic charges of
Hf and O are +4 and —2, respectively. However, the absolute

values of Born effective charges of Hf and O are larger than

V (AP), their absolute values of nominal charges, indicating that there
* —_——_——_—_— . . .
Ziap = le] Au ’ 25 s mainly a covalent bond in m-HfO,.
Table 6. Calculated Born effective charges of monoclinic HfO;.
Hf (O] 0,
Ref. [21 Ref. [21 Ref. [21
GGA ot [21] GGA ef- [21] GGA et (211
LDA GGA LDA GGA LDA GGA
XX 5.95 5.56 5.57 -3.23 -3.09 -3.10 -2.72 —2.48 —2.47
Xy -0.24 -0.47 -0.56 1.12 0.97 0.90 0.26 0.20 0.15
Xz 0.19 0.96 0.91 -0.08 -0.58 -0.53 -0.12 -0.39 -0.36
yx -0.32 -0.13 -0.02 0.93 1.37 1.29 0.15 0.21 0.11
yy 5.89 5.55 5.57 -2.74 -2.73 -2.70 -3.14 -2.82 -2.87
zZ 0.56 0.14 0.07 —0.82 -0.71 -0.61 0.59 0.35 0.40
X 0.18 0.21 0.27 -0.18 -0.18 -0.20 0.00 -0.07 -0.09
7y 0.28 0.41 0.45 -0.92 -0.61 -0.51 0.46 0.43 0.46
Z 5.10 4.74 4.64 —2.26 -2.24 -2.16 -2.84 -2.58 -2.52

4. Conclusions

In this paper, we investigated the structural, electronic,
optical, elastic, mechanical properties, and Born effective
charges of m-HfO,. Our calculated lattice constants are in
agreement with other experimental and theoretical data. The
electronic structure and density of states calculations show an
indirect band gap I'-B and a hybridization between Hf 5d and
O 2p states. The calculated dielectric function shows that it
is consistent with the experimental results and presents opti-
cally anisotropic behavior. Elastic and mechanical properties
are obtained, which show that m-HfO, is mechanically stable,
exhibits high shear deformation resistance, and behaves in a
ductile manner.
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